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ABSTRACT: The HO from the pathogenic bacterium Neisseria meningitidis, NmHO, possesses C-terminal
His207, Arg208, and His209 residues that are undetected in crystal structures. NMR found the C-terminus
ordered and interacting with the active site and shown to undergo a spontaneous cleavage of the C-terminal
Arg208—His209 bond that affects the product off rate. A preliminary model for the interaction based on the
wild-type (WT) NmHO complexes has been presented [Liu, Y., Ma, L.-H., Satterlee, J. D., Zhang, X., Yoshida, T.,
and La Mar, G. N. (2006) Biochemistry 45, 3875—3886]. Two-dimensional '"H NMR data of resting-state,
azide-inhibited substrate complexes of the three C-terminal truncation mutants (Des-His209-, Des-Arg208His209-,
and Des-His207Arg208His209-NmHO) confirm the previous proposed roles for His207 and Arg208 and
reveal important additional salt bridges involving the His209 carboxylate and the side chains of both Lys126
and Arg208. Deletion of His209 leads to a qualitatively retained C-terminal geometry, but with increased
separation between the C-terminus and active site. Moreover, replacing vinyls with methyls on the substrate
leads to a decrease in the separation between the C-terminus and the active site. The expanded model for the
C-terminus reveals a less stable His207—Arg208 cis peptide bond, providing a rationalization for its spon-
taneous cleavage. The rate of this spontaneous cleavage is shown to correlate with the proximity of the
C-terminus to the active site, suggesting that the closer interaction leads to increased strain on the already
weak His207—Arg208 peptide bond. The relevance of the C-terminus structure for in vitro studies, and the
physiological function of product release, is discussed.

The physiological catabolism of heme is conducted by the
enzyme heme oxygenase (HO)' (1), which uses heme as both a
substrate and a cofactor to stereoselectively cleave the porphyrin
ring to yield biliverdin, iron, and CO. The enzyme is widely dis-
tributed, providing the key precursor to the antioxidant bilirubin,
conserving iron and generating a neural messenger in mammals
(2—6), producing a precursor to light-harvesting pigments in
plants and photosynthetic bacteria (7), and serving as a scavenger
for iron by some pathogenic bacteria (2, 4). The various HOs
exhibit the same mechanism that proceeds via the three inter-
mediates meso-hydroxy heme, verdoheme, and iron-biliverdin
(2—6), as shown in Figure 1. Three HO properties of particular
interest are the strong stereoselectivity [only the o-meso position
is cleaved in mammals (/)], the use of ferri-hydroperoxide (8, 9),
rather than the more common oxo-ferro group, to attack the meso
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position, and the exceedingly slow product (biliverdin) release
(10) rate (0.03 s ). Crystal structures have revealed (171—16) a
strongly conserved a-helical fold in spite of limited sequence
homology. The stereoselectivity results from steric blocking of
three meso positions and steric tilt/orientation of the exogenous
ligand toward the fourth meso position. Destabilization of Fe**-
OOH toward heterolytic O—O bond cleavage that yields the
inactive oxo-ferryl group appears to result from the controlled,
weak H-bonds to the exogenous ligand provided by a unique set
of distal ordered water molecules imbedded within an extended
H-bond network (//—16). The substrate is ligated by a His near
the protein N-terminus such that the junction of two pyrroles is
exposed to solvent, and with the C-terminus located in the proxi-
mity of the exposed heme edge, as illustrated in Figure 2A. The
slow product off rate in mammalian HOs is strongly accele-
rated (/0) upon formation of a 1:1 complex with biliverdin reduc-
tase (BVR), which is proposed (/7) to dock HO near the exposed
heme edge.

The HO from the pathogenic bacterium Neisseria meningitidis
(NmHO) (2, 18) exhibits several distinct properties. The crystal
structures of NmHO substrate complexes reveal a typical a-helical
fold as depicted in Figure 2A, in which the pyrrole A—D junction®

Note that the conventions for labeling the four pyrroles A—D for
protoporphyrin derivatives differ in crystallographic and other spectro-
scopic studies of hemoproteins. We utilize here the convention pyrrole-
(substituent positions): A(1CHs, 2-vinyl), B(3CHj3, 4-vinyl), C(SCH3,
6-propionate), and D(7-propionate, SCH3).
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FIGURE 1: Intermediates in the catabolism of protohemin by heme
oxygenase.
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F1GURE 2: (A) Backbone of the crystal structure of NmHO-PH-NO
(PDB entry 1P3U) colored gray and PH substrate colored red. The
crystallographically detected C-terminal residue is Pro206. (B) Impo-
sed on the crystal structure are the solution "H NMR-characterized
(22) His207 (green), whose peptide NH group is proposed to form an
H-bond to the Asp27 carboxylate, and Arg208 (blue), whose guani-
dyl group makes a salt bridge with the 7-propionate carboxylate. The
backbone of the C-terminal His209 is colored magenta; the positions
of the free carboxylate and imidazole side chain were not addressed.

~

(see Figure 3) is exposed to solvent (17, 12). Not detected in the
crystal are the three C-terminal residues [His207, Arg208, and
His209 (Figure 2A)], which were proposed to be structurally
disordered. Solution 'H NMR, a valuable adjunct to crystallo-
graphy in confirming conserved (or modified) structure in solution,
showed that the low-spin, cyanide- and azide-inhibited complexes
of NmHO (19—21) exhibited contacts with the exposed pyrrole
A—D junction [i.e., ICH; and 8CHj (see Figure 3)] for two resi-
dues not described in the crystal structures (11, 12). The backbone
CgH groups of a His exhibited NOEs to the 8CH; and 1CH;
groups, and the C,H group of another residue exhibited an intense
NOE to the 8CHj3 group. The assignment of the His detected in
the crystal structure dictated (/9) that the His in contact with the
1CH; or 8CHj3 group must arise from the crystallographically
undetected C-terminal His207 or His209. Inspection of the crys-
tal structures indicated stabilization of the C-terminal interaction
could involve a salt bridge between the Arg208 guanidyl group
and the substrate 7-propionate carboxylate, and a H-bond
between the His207 peptide NH group and the carboxylate of
Asp27, such that the CgH group of His207 and the C,H group of
Arg208 make contact with the exposed heme edge (19, 20). On the
basis of these NOESY contacts as constraints, limited energy
minimization involving only His207 and Arg208 resulted in a
model (22) of the C-terminal interaction of His207 and Arg208
with the active site as depicted in Figure 2B. It was not possible to
obtain any NOESY constraints on His209, and hence, its role in
the structure of the C-terminus remains obscure.

'H NMR spectra, moreover, showed that all substrate com-
plexes of NmHO underwent a homogeneous “degradation” to a
new species with altered hyperfine shifts (20—22), where the rate
increased substantially upon replacement (20) of the vinyls in
native protohemin [PH (R = vinyl in Figure 3)] with methyls in
2,4-dimethyldeuterohemin [DMDH (R = methyl in Figure 3)].
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FIGURE 3: Structure of native protohemin [PH (R = vinyl)] oriented
in the pocket of NmHO as described in the crystal structures (11, 12).
The synthetic, 2-fold symmetric 2,4-dimethyldeuterohemin [DMDH
(R = methyl)]is also shown; M = methyl, and P = propionate. Also
shown are the crystallographically predicted substrate contact resi-
dues on the proximal (square), distal (circle), and equatorial (triangle)
sides of the substrate. The two residues not observed in the crystal
structure, but detected by "H NMR, His207 and Arg208, are shown
in bold. Solid lines represent the crystallographically predicted, and
'"H NMR-observed, inter-residue and residue—substrate contacts;
dashed lines represent the His207 and Arg208 contacts observed only
in solution. The residues in dashed boxes are those predicted to be in
contact with the pyrrole A—D junction (predicted contacts in dotted
lines) but are too strongly relaxed to be detected in the azide complex.

The major distinction between the wild type (WT) and the de-
graded species was the loss of the contacts (20—22) between the
exposed substrate edge and the proposed C-terminal His207Arg208
pair. Mass spectrometric and sequence data revealed (22) the
degradation to be the spontaneous loss of Arg208 and His209.
Preparation of recombinant Des-Arg208His209-NmHO showed (20)
it to be indistinguishable from the “degraded” NmHO. The
in vitro assay (/8) using reduction with ascorbate and iron extrac-
tion with desferrioxamine revealed a doubling of the rate of
biliverdin release upon cleavage of the C-terminus (22).

In view of the potential role of the C-terminus in modulating
the rate of product release, we pursue here 'H NMR studies of the
substrate complexes of mutants of NmHO designed to eliminate,
in sequence, the three C-terminal residues that could interact with
the active site. Our goals are to test our preliminary model (22) of
the C-terminus interacting with the active site involving His207
and Arg208, as described in Figure 2B, characterize the potential
role of the C-terminal His209 in this interaction, and gain some
insight into the structural basis of the spontancous C-terminal
cleavage and the dependence of its rate on substrate vinyl versus
methyl substituents (20). The "H NMR spectra of the physio-
logically relevant high-spin, resting-state, aquo complex resolve
all substrate methyl signals, but extreme paramagnetic relaxation
obscures all active site contact residues (23). Hence, it is highly
advantageous to investigate the azide-inhibited complexes of
the resting-state complex (21, 24—26) which is unique in resolving
the signals for the substrate methyls at the exposed edge of the
substrate.

MATERIALS AND METHODS

Protein Preparation. The expression plasmids for the two
new mutants, Des-His209-NmHO (hereafter designated ACI-
NmHO) and Des-His207Arg208His209-NmHO (hereafter desig-
nated AC3-NmHO), were constructed by PCR methods similar
to those reported previously (22) for the construction of Des-
Arg208His209-NmHO (hereafter designated AC2-NmHO). Primers
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for ACI-NmHO and AC3-NmHO contain a stop codon at the
position of His209 and the position of His207, respectively. Wild-
type NmHO and the three mutants were prepared as described
previously (19). Substrate complexes with both protohemin [PH
(R = vinyl in Figure 3)] and 2,4-dimethyldeuterohemin [DMDH
(R = methyl in Figure 3)] were prepared by titration to a 1:1 equi-
valent to substrate-free enzyme, followed by purification on a
Sephadex 25 column eluted with 50 mM phosphate (pH ~7.2)
and concentrated by ultrafiltration to give ~3 mM high-spin
aquo complexes in 50 mM phosphate (pH 6.5). Azide in buffered
solution was added to yield ~3 mM protein—substrate samples in
50 mM phosphate (pH ~7.2) with an ~25-fold excess of azide,
except for the WT complex where samples were prepared in both
50 and 100 mM phosphate at pH 6.9—7.8.

NMR Spectroscopy. '"H NMR data were collected on Bruker
AVANCE 500 and 600 spectrometers operating at 500 and
600 MHz, respectively. Reference spectra were recorded in 'H,O
over the temperature range of 25—35 °C at repetition rates of
15~ " over a spectral width of 50 ppm and at 55~ over a spectral
width of 200 ppm. Chemical shifts are referenced to 2,2-dimethyl-
2-silapentane-5-sulfonate (DSS) through the water resonance
calibrated at each temperature. The 600 MHz NOESY spec-
tra (27) (mixing time of 40 ms, repetition rate of 1.5—2.5s~") and
500 MHz Clean-TOCSY spectra (28) (to suppress ROESY
response; 25°, 35 °C, spin lock of 25 ms, trim pulse of 2.5 s, repe-
tition rate of 1—2 s~ ") were recorded over a bandwidth of 20 and
45 ppm (NOESY) and 20 ppm (TOCSY) using 512 ¢, blocks
of 128 and 256 scans each consisting of 2048 ¢, points. Two-
dimensional (2D) data sets were apodized by 30°- or 45°-sine-
squared-bell functions and zero-filled to 2048 x 2048 data points
prior to Fourier transformation.

Environmental Effects on C-Terminal Cleavage Rates.
The rate of C-terminal cleavage of NmHO—PH—H,0 split sam-
ples with 50 mM phosphate (pH 7.1) was followed by 'H NMR,
as described in detail previously (22), with one sample prepared
with pretreatment of all glassware and columns with EDTA to
remove adventitious trace metals. 'H NMR was similarly used to
follow C-terminal cleavage in the NmHO—PH—H,0O split sam-
ple in 50 mM phosphate, one sample at pH 6.5 and the other at
pH 7.5.

RESULTS

Spectral Comparisons. The low-field, resolved portions of
the "H NMR spectra of high-spin, ferri-aquo PH complexes of
WT NmHO and the three deletion mutants are illustrated in
Figure 4. The methyls and vinyl Hg atoms in the WT complex
have been previously assigned (23) by steady-state NOEs and
confirmed by cross-saturation between the azide and aquo com-
plex (21). On the basis of spectral similarities shown in Figure 4, it
appears reasonable to transfer the assignments from the WT to
the deletion mutants. The assigned upfield vinyl CgH groups are
not shown, but their chemical shifts, together with those of the
assigned (23) methyl PH complexes, are listed in Table 1. Similar
spectra for DMDH complexes are provided in Figure S1 of the
Supporting Information. Chemical shifts for all substrate signals
for high-spin complexes are also provided in Table S1 of the Sup-
porting Information. Figure 5 displays the low-field portions of
the 'H NMR spectra of the WT NmHO—DMDH azide complex
and its three deletion mutants, which exhibit four resolved DMDH
methyls, including the key 1CH; and 8CHj; resonances; similar
spectra for the PH complexes are provided in Figure S2 of the
Supporting Information. The chemical shifts for DMDH and
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FIGURE 4: Low-field portion of the 500 MHz "H NMR spectra of
high-spin (A) WT NmHO—PH—H,0, (B) AC1-NmHO—-PH—H,0,
(C) AC2-NmHO—PH—H,0, and (D) AC3-NmHO—PH—H,0 com-
plexes and 50 mM phosphate (pH ~7.2) at 25 °C, illustrating the
positions of the four PH methyls (CH3) and the six propionate/vinyl
CoH (H) signals. Methyl assignments have been reported (23) for the
WT complex and can be transferred to the mutants on the basis of the
high degree of spectral similarity.

Table 1: Substrate Chemical Shifts for the High-Spin NmHO—-PH—H,0
Complex and Its Three C-Terminal Truncation Mutants”

position  WT NmHO?  ACI-NmHO® AC2-NmHO®  AC3-NmHO¢

8CH, 80.4 813 81.8 81.9
SCH, 76.2 76.3 76.5 76.5
1CH, 69.6 692 69.5 69.7
3CH; 64.8 64.9 64.7 64.6
2H, -5.1 -53 -5.6 -5.6
4H, -85 -8.5 -8.6 -8.6
2H, -11.7 ~11.3 ~11.3 ~11.5
4Hj ~15.0 ~14.9 ~14.9 ~15.0

“Chemical shifts in parts per million, in H,O and 50 mM phosphate
(pH 7.0) at 25 °C, referenced to DSS via the residual solvent signal. *Chemical
shifts and assignments taken from ref 23. “The same assignments can be
assumed for the three deletion mutants on the basis of the high degree of
spectral similarity.

representative strongly upfield and downfield shifted residues for
NmHO—-DMDH—N; complexes are given in Table 2, where we
also include similar data (21) for the WT NmHO—PH—N;
complex; more complete assignments for the DMDH, as well
as the analogous PH complexes, are provided in Tables S2 and S3
of the Supporting Information. Chemical shifts are given at 25 °C
in 50 mM phosphate and found to be essentially invariant in the
pH range of 6.9—7.8. For each ligand, Figures 4 and 5 and
Tables 1 and 2 show that sizable substrate chemical shift pertur-
bations are observed in the WT — AC1-NmHO and AC1-NmHO —
AC2-NmHO conversions, while only small, but still distinct,
perturbations are observed in the AC2-NmHO — AC3-NmHO
conversion; similar shift changes among the mutants are obser-
ved in the PH complexes (see Tables S2 and S3 of the Supporting
Information).

Resonance Assignment. We emphasize assignments for the
DMDH azide complexes that provide six identical (methyl)
reporter groups on the active site environment and obviate any
consideration of the effect of mutation on the perturbation of the
substrate electronic structure by changes in vinyl group orienta-
tion. The individual DMDH methyl and propionate C,H signals
are identified by the expected pattern of NOESY cross-peaks
(20, 26, 29) about the DMDH periphery, and the two symmetric
portions of DMDH are readily differentiated by contacts to two
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assigned residues that exhibit characteristic contacts between
themselves [Val26/Tyr184 with 3CH3/4CH; (not shown); see
Figure S3 of the Supporting Information], as described for the
NmHO—DMDH—-CN complex (20). DMDH is 2-fold symmetric,
but we chose to label positions 1—8 in Figure 3 on the basis of
those positions occupied by PH in the crystal structure. Para-
magnetic relaxation is sufficiently weak to allow appropriately
tailored "H 2D NMR to provide (2/) standard sequence-specific
assignment (30) of helices of interest by N;—N;, i, 0,—N;y,

4CH3

8CH
H 3

35 34 24 22 20 18 ppm

FIGURE 5: Low-field resolved portions of the '"H NMR spectrum
of (A) WT NmHO—DMDH—N;3, (B) AC1-NmHO—DMDH—N3;,
(C) AC2-NmHO~DMDH—N3, and (D) AC3-NmHO—DMDH—N;
complexes in 50 mM phosphate (pH ~7.2) at 25 °C, illustrating the
positions of the resolved DMDH methyls and axial His23 NsH
resonances. Assignments determined here are based on the DMDH
numbering in Figure 3.
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Bi—Nir1, 0,—N,;3, and/or a;—f, .3 NOESY contacts among
TOCSY-detected spin systems (not shown; see Supporting Infor-
mation, Figures S4 and S5) for residues with protons >6 A from
the iron, as shown previously (2/) for the NmHO—PH—N;
complex. Since the majority of assigned residues exhibit hyperfine
shifts, the uniqueness of both TOCSY and NOESY connections
is readily established using variable temperature as the “third
dimension”. These procedures provide the assignment of six helical
fragments, Alal8—Val26, Cysl13—Glyl16, Phel23—Phel25,
and Tyr137—Leul42 in "H,0, and because of slow peptide ex-
change, fragments Phe52—Lys54 and Alal80, Phel81, Tyr184,
and Vall187 in *H,0, in the same manner reported previously (21)
for the NmHO—DMDH—CN complex. This accounts for all of
the residues [except Gly116 and Asp27 (vide infra)] predicted by
the crystal structures to exhibit NOESY cross-peaks to DMDH
(as depicted in Figure 3). In particular, NOESY data (not shown;
see Figure S6 of the Supporting Information) show that pyr-
roles B and C exhibit only the contacts predicted by the crystal
structures.

Pyrrole A—D Contactsinthe WT NmHO—DMDH—N;
Complex. The pyrrole A—D junction is predicted (17, 12) to
exhibit relatively few contacts with active site residues as shown in
Figure 3. NOESY spectra involving residues in contact with
1CHj3 and 8CHj; for WT and the three deletion mutant DMDH
azide complexes are illustrated in Figure 6. The intra- and inter-
residue contacts expected for the sequence-specifically assigned
Phel23 and Leul24 in the WT NmHO—DMDH—Nj; complex
are illustrated in Figure 6A. The predicted contacts of Phel23
and Leul124 with 1CH; and the contacts of Phe123 with 8CH; are
illustrated in panels B and B’ of Figure 6, respectively. Not
observed are the predicted contacts between 8CH;3 and Glyl16
CoH (4.5 A from Fe) and 1CH3 and Asp27 C,H and CgH (5.4 A
from Fe), for which strong paramagnetic relaxation (77 < 10 ms)
precludes detection of NOESY cross-peaks. This accounts for the
"H NMR detectable, and crystallographically predicted (11, 12),
contacts with the pyrrole A—D junction. Additionally, we detect
aweakly relaxed His CsH in contact with its backbone (Figure 6A),
and its CgH groups are in contact with both 1CH; (Figure 6B)

Table 2: Chemical Shifts for Substrate and Key Residues in the WT NmHO—DMDH—N; Complex and Its C-Terminal Truncation Mutants®

DMDH PH®
residue position WT NmHO ACI-NmHO AC2-NmHO AC3-NmHO WT NmHO
DMDH 1CH; 21.42 21.67 22.80 22.88 18.84

2CH; 10.10 10.85 12.32 12.22 10.22/0.29, —0.23¢
3CH; 11.39 11.30 11.93 11.75 7.60
4CH; 23.00 2242 22.74 22.67 11.78/—6.70, —=7.01°
5CH; 18.05 18.95 20.06 19.89 18.02
8CH; 19.62 20.18 20.95 20.83 20.00
His23 C.H 6.12 6.25 5.95 6.02 6.28
CszHs 9.28, 12.65 9.66, 13.04 9.57,13.10 9.62, 13.09 9.68, 12.56
Val26 C.H 3.05 3.00 2.94 2.99 3.09
CzH 1.53 1.44 1.34 1.46 1.60
C,Hss 0.46, —1.13 0.39, —1.32 0.34, —1.30 0.38, —1.27 0.40, —1.13
Alal2l C,H 8.34 8.33 8.24 8.27 8.55
CsH; 4.58 4.62 4.43 4.49 4.95
His207 C,H 3.65 3.90 3.74
CszHs 1.38, 1.72 1.86, 2.11 1.56, 1.62
CsH 6.15 6.36 6.08
Arg208 C,H 3.85 3.70 3.83

“Chemical shifts, in parts per million, referenced to DSS via the solvent signal, in H,O and 50 mM phosphate (pH 7.0) at 25 °C. “Data taken from

ref 21. “Vinyl positions in the order C,H, CgH(cis), CgH(trans).
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FIGURE 6: Portions of the 600 MHz '"H NMR NOESY spectra illus-
trating the intra- and inter-residue contacts (mixing time of 40 ms,
repetition rate of 1.0 s~ ') for Phe123 (orange), Leul24 (violet), and
His207 (green) (A) and the contacts of these residues and Arg208
(blue) (mixing time of 40 ms, repetition rate of 2.5 s~ ') with 1CH;
(red) (B) and 8CHj (red) (B’) of the WT NmHO—DMDH—Nj3 com-
plex. The contacts between these residues and 1CH3 and 8CHj; are
shown in panels C and C’ for the AC1-NmHO—DMDH—N; com-
plex, panels D and D’ for the AC2-NmHO—DMDH—Nj3 complex,
and panels E and E’ for the AC3-NmHO—DMDH—Nj; complex. The
contacts with His207 and Arg208 are lost in both in the AC2- and
AC3-NmHO complexes. The complexes are in '"H,O and 50 mM
phosphate (pH ~7.2) at 25 °C. The number symbol designates the
Phe52 C:H NOESY cross-peak to the 1CHj signal, which is nearly
degenerate with the 4CHj signal (see Figure 5C and Figure S6 of the
Supporting Information).

and 8CH; (Figure 6B’). The C,H of another weakly relaxed
residue is in contact with 8CHj; (Figure 6B’). These two crystal-
lographically undetected residues are the same as previously
reported (21) for the PH complex and are attributed to His207
and Arg208, as described in the model in Figure 2B.

Hence, the qualitative model derived from 'H NMR data for
the PH complex (22) (Figure 2B) is also valid for the DMDH
complex. However, we note that while the same pattern of NOESY
cross-peaks from His207 and Arg208 to 8CHj is observed in the
DMDH and PH complexes, the intensity of the His207—8CHj;
NOESY cross-peaks, as illustrated in the slices of the NOESY
spectra in panels A and B of Figure 7, is significantly increased
upon replacement of vinyls with methyls. Thus, the C-terminus is
closer to the substrate upon the replacement of substrate vinyls
with methyls.

Pyrrole A—D Junction Contacts in the ACI-NmHO—
DMDH—Nj; Complex. We observed the same inter- and
intraresidue contacts for the crystallographically described
Phel23 and Leul24, as well as CsH to the backbone of a His
(not shown; see Figure S7 of the Supporting Information), as
observed in WT. The 1CH; and 8CH3 NOESY contacts for this
complex, shown in panels C and C' of Figure 6, respectively,
reveal not only the expected conserved contacts with Phe123 and
Leul24 but also contacts with a His backbone (Figure 6C,C’); in
addition, the C,H of another residue forms a contact with 8CH;
(Figure 6C'). The deletion of His209 demands that the two
C-terminal residues in contact with the active site in the ACI-
NmHO—DMDH—Nj; complex are indeed His207 and Arg208.
The retention of the crystallographically undetected His207 and
Arg208 contacts with the pyrrole A—D junction upon loss of
His209 provides important but limited (vide infra) validation of
the molecular model (22) in Figure 2B.

Peng et al.

0

[=>]
.
o—

|
ppm 8

FiGURrE 7: Slices through the 8CH; peak in 600 MHz NOESY spec-
tra (mixing time of 40 ms, repetition rate of 2 s~') for the WT (A)
NmHO—PH—Nj; and (B) NmtHO—DMDH—N; complexes in 'H,O
and 50 mM in phosphate (pH 7.2) at 25 °C, illustrating the conserved
cross-peak intensities to the 7-propionate C,H and CgHs, as well as
Phel23, but the significant increase in intensity of the His207 CgH—
8CHj; cross-peaks in the DMDH relative to the PH complex.

The pattern of His207 CgH and Arg208 C,H NOESY cross-
peaks with the substrate is similar in AC1-NmHO and WT NmHO
complexes of both DMDH (Figure 6B,B',C,C') and PH (not
shown), but the intensity of the cross-peaks from the C-terminus
to the 8CHj is significantly weaker in the AC1-NmHO—
DMDH—-N; complex (Figure 6C') than in the WT NmHO—
DMDH-N; complex (Figure 6B'). Thus, the proximity of the
C-terminus to the active site is significantly decreased after the
loss of His209. Hence, the order of the proximity of the C-terminus
to the substrate, as influenced by mutation or substrate substit-
uents, is as follows: NmHO—DMDH—N; > NmHO—PH—Nj; >
AC1-NmHO—DMDH—-N;. We note that, in spite of exhibiting
similar contacts between His207 and Arg208 and the pyrrole
A—D junctionin WT and AC1 NmHO—DMDH—Nj3 complexes
(Figure 6C,C',D,D)), the latter complex does not exhibit detect-
able C-terminal cleavage over a period of ~100 h at 25 °C and
dictates that the cleavage rateis retarded by a factor of > 101in the
AC1-NmHO relative to WT NmHO complex. Thus, the rate of
C-terminal cleavage falls into the same pattern as the proximity
of the C-terminus to the active site deduced above.

Pyrrole A—D Junction Contacts in the AC2- and AC3-
NmHO—DMDH—N;3; Complexes. The 1CH; and 8CH3 of
both AC2-NmHO—DMDH—-Nj3 (Figure 6D,D') and AC3-
NmHO—DMDH-N; (Figure 6E,E") complexes retain the Phel23
and Leul24 contacts, but both mutants lose the contacts with
His207 and Arg208, as previously observed (21, 22) for AC2-
NmHO—-PH—Nj; and AC2-NmHO—-PH—CN complexes. This
indicates that the majority of the interactions stabilizing the
position of the C-terminus relative to the active site are lost upon
deletion of Arg208. The data for the AC2-NmHO complexes fail
to provide any direct evidence of the existence of the proposed
(22) His207 NH—Asp27 carboxylate H-bond. However, evidence
of this interaction will be considered after the development of a
more complete description of the interaction of the C-terminus in
the active site of the WT complex (vide infra).

Environmental Effects on C-Terminal Cleavage. The rate
of C-terminal cleavage of the NmHO—-DMDH—-H,0 com-
plex was found to be unaffected by pretreatment with EDTA,
indicating that bond hydrolysis by adventitious metal ions is
not responsible for the cleavage. The rate of cleavage did
increase by a factor of ~2 when the pH increased from 6.5 to
7.5, but this small effect can be attributed to the popula-
tion (31) of the hydroxo complex at pH 7.5. Previously, we
had reported (22) that the rate of cleavage was unaffected by
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the exclusion of O, or the presence of mixtures of protease
inhibitors.

DISCUSSION

The substrate hyperfine shifts exhibit significant changes upon
the loss of His209 (compare WT and AC1-NmHO complexes)
and upon the subsequent loss of Arg208 (compare AC1-NmHO
and AC2-NmHO complexes in Figures 4 and 5 and Tables 1 and 2);
only small, but distinct, chemical shift changes are observed upon
the subsequent loss of His207 (compare AC2-NmHO and AC3-
NmHO complexes).

For high-spin aquo complexes, small perturbations on the
substrate periphery tend to manifest themselves in small chemical
shift changes for the substrate substituents in the immediate vici-
nity of the perturbations (vide infra). Azide complexes, on the
other hand, possess an S = '/, ground state and thermally popu-
late the excited S = °/, state (32, 33) which can lead to “global”
substrate chemical shift changes, dominated by the contact inter-
action (21, 33—35), even though a perturbation may be well loca-
lized. Nonligated residues exhibit only dipolar shifts (27, 33—35).
Thus, conservation of chemical shifts for nonligated residues
detected in the crystal structure dictates that the position of the
residue and the anisotropy/orientation of y be conserved upon
mutation. Changes in the chemical shifts for the C-terminal
residues upon mutation, when the orientation/anisotropy of y is
conserved (36), dictate a movement of the C-terminus relative to
the active site.

Structure of the C-Terminus in WT NmHO and Effect of

Deleting His209. The retention of the contacts between both
1CH; and 8CH3 and the CgHs of a terminal His, and the contact
between 8CH;3 and the C,H of another C-terminal residue in
AC1-NmHO substrate azide complexes, unequivocally establi-
shes that the exposed substrate edge contacts with the C-terminus
in both WT and AC1-NmHO involve His207 and Arg208. How-
ever, the separation between the C-terminus and active site is
significantly increased in the AC1-NmHO complex relative to the
WT NmHO complex, as evidenced by the reduced NOESY cross-
peak intensities with the substrate (Figure 6). Moreover, while the
dipolar shifts for the crystallographically described, nonliga-
ted residues are strongly conserved between WT NmHO-—
DMDH-N; and AC1-NmHO—DMDH—Nj3 complexes (Table 2
and Table S2 of the Supporting Information) indicating that their
geometry and orientation anisotropy of y are conserved, the chemi-
cal shifts for His207 and Arg208 differ significantly for these two
complexes (Table 2), indicating some movement of the C-terminus
relative to the active site upon loss of His209. Therefore, His209 is
not “innocent” but participates in some integral manner in stabi-
lizing the interaction of the C-terminus with the active site.

An expanded depiction of the proposed model for the inter-
action of the C-terminus with the active site is shown in Figure §;
the substrate is colored red. Illustrated are the detected NOESY
contacts (dashed line) between His207 CzH (green) and 1CH;
and 8CH; and the contact between Arg208 C,H (blue) and
8CHy; the proposed salt bridge (arrow) between the Arg208 (blue)
guanidyl group and the carboxylate of the 7-propionate (arrow)
and the H-bond (arrow) between the His207 (green) peptide NH
and the carboxylate of Asp27 (gray) are also shown. The initial
model (22) defined only the position of the His209 backbone,
with the C-terminal carboxylate and imidazole side chain orien-
tations left undetermined. The His209 ring was detected (22) in
the '"H NMR spectrum of the WT NmHO—PH—CN complex,
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F1GURE 8: Enlarged and detailed view of the Pro206 (black) to Arg208
(blue) linkages for the molecular model of the C-terminus of substrate-
bound NmHO determined by limited energy minimization (22) (to
the right and below the aqua dotted line) based on the proposed donor—
acceptor interactions (arrows): His207 (green) peptide NH H-bond
donor to carboxylate of Asp27 (gray) and the Arg208 (blue)
guanidyl group salt bridges to the carboxylates of the 7-propionate
(red). The distances of <4 A that account for the NOESY contacts
to the 1CH3 and 8CHj; are shown by dashed lines. These 2D NMR
data on deletion mutants confirm the previously proposed interac-
tions and lead to the proposal of two additional salt bridges (arrow):
C-terminal His209 (magenta) carboxylate and the side chain termini
of both Arg208 (blue) and Lys126 (orange) (to the left and above
the dotted line). The peptide bonds are depicted as tubes and show
the positions of both the peptide NH and CO groups. Note that the
His207—Arg208 peptide linkage is cis, rather than the more stable
trans, and can be expected to favor selective cleavage at the His207—
Arg208 bond.

but spectral congestion prevented the resolution of any NOESY
cross-peaks to either its backbone or another residue.

Inspection of the crystal structures (17, /2) and the preliminary
model of the C-terminus (22), together with the presently obser-
ved weakening of the interaction of the C-terminus with substrate
upon loss of His209, allows an expansion of the molecular model
to encompass the structure of not only His209 but also Lys126.
First, it is noted that the C-terminal His209 (magenta, in Figure 8)
carboxylate in the preliminary model can occupy a rotational
position that allows for a <4 A separation between one carboxy-
late O and one of the Arg208 (blue) guanidyl N, atoms, and
hence the formation of a robust salt bridge, as depicted by a solid
arrow in Figure 8. Second, the terminus of Lys126 (orange),
which the crystal structures (17, 12) place on the surface with
considerable allowable movement of its N-terminus, can, with
only minor rearrangements of the side chain, place the terminal
NH;" group <4 A from the other O of the His209 (magenta)
carboxylate and hence form an additional salt bridge, as shown
by the solid arrow in Figure 8. Some support for the involvement
of the Lys126 side chain terminus in the structure of the C-terminus
can be drawn from some significant changes in the chemical shift
of NOESY contacts with the His127 CsH group (not shown) that
are crystallographically predicted (11, 12) to arise primarily from
Lys126.

We propose that in WT NmHO-—substrate complexes the
interaction of the C-terminus with the active site is stabilized by
bifurcated salt bridges involving the Arg208 (blue) guanidyl group
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with the carboxylates of both the 7-propionate (red) and Arg209
(magenta), and the His209 (magenta) carboxylate with both the
Arg208 (blue) guanidyl group and the terminus of Lys126 (orange),
as well as by the His207 (green) peptide NH H-bond to the
carboxylate of Asp27 (gray), as depicted in Figure 8. Deletion of
His209 from AC1-NmHO complexes necessarily abolishes both
salt bridges to its carboxylate. However, it is noted that, with
some additional reorganization of the Lys126 terminus, a new
salt bridge could be formed between the newly generated Arg208
carboxylate and the Lys126 side chain terminus in the ACI-
NmHO complex (not shown), such that the interaction of the
C-terminus with the active site in WT and AC1-NmHO com-
plexes may differ by only a single salt bridge. The reduction of the
number of pairwise stabilizing interactions can be expected to
lead to weakening of the interaction between the C-terminus and
the active site upon loss of His209, as observed. Lastly, the only
significant chemical shift changes in the aquo complexes of PH
upon loss of His209 are observed for §CH; (Figure 4 and Table 1)
and 2-vinyl CgHs (Table 1), consistent with the local effect of
some movement of the C-terminal contacts to DMDH. In view
of the apparent conservation of the geometry of the C-terminus
upon deletion of His209, it is noteworthy that the rate of sub-
sequent cleavage of the His207—Arg208 peptide bond is retarded
relative to those of WT NmHO substrate complexes by a factor
of >10.

Effect of Deleting Arg208 on the Active Site. The most
dramatic structural changes in the interaction of the C-terminus
with the active site occur upon the subsequent loss of Arg208.
Thus, not only is the Arg208 C,H cross-peak to 8CH; necessarily
missing, but the His207 CgH cross-peaks to both ICH3 and 8CH;
are also lost, indicating a very substantial disruption of the
C-terminal interaction with the active site. Assuming that the salt
bridge from the Lys126 terminus to the Arg208 carboxylate exists
in AC1-NmHO complexes, the loss of Arg208 eliminates two of
the three remaining interactions, leaving only the potential His207
peptide NH H-bond to the Asp27 carboxylate, which must be
insufficiently strong to clearly retain the interaction of His207
with the substrate. Evidence of the His207 NH—Asp27 carboxy-
late H-bond in the WT complex will be considered later (vide
infra). The NmHO—PH—H,0 complexes again reveal the largest
chemical shift changes for 8CH; and 2-vinyl Hgs (Table 1),
consistent with the local loss of contacts.

Effect of Deleting His207 on the Active Site. The data
described above provide direct support for the interaction of the
Arg208 side chain with the active site. However, the only NOESY
cross-peaks to substrate in AC2-NmHO complexes are those
predicted by the crystal structures; we were unable to locate
the His207 signals. Inspection of all NMR data (Tables 1 and 2)
indicates that the loss of His207 results in the smallest, albeit
distinct, chemical shift changes for the substrate. These chemical
shift perturbations indicate that the active site “senses” His207
and are unlikely to result if His207 were oriented wholly toward
the solvent in AC2-NmHO—substrate complexes. A scenario that
could account for the observation involves an equilibrium bet-
ween a weakly populated state in which His207 is oriented into,
and interacts with, the active site and a more extensively popu-
lated state in which His207 is oriented out toward the solvent.
Dynamics of the interconversion on the NMR time scale (37)
would broaden the His ring signals and preclude detection of
either the His207 ring signals directly or any weak NOESY cross-
peaks to the 1CH;/8CH; but still result in the perturbation of
the DMDH chemical shifts upon deletion of His207. The only
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chemical shift perturbations (Table 1) outside of the uncertainties
(£0.05 ppm) in the high-spin, aquo complex are for the 2-vinyl
Hpg in contact with Asp27.

Evidence of the His207 NH H-Bond. The initially pro-
posed peptide NH H-bond from His207 to the Asp27 carboxylate
was based on strong low-field bias for the His207 peptide
chemical shift in the cyanide complex (20); more rapid exchange
with solvent precludes detection of the His207 NH in the azide
complexes. It was noted (20, 22), however, that the optimal orien-
tation of the Asp27 carboxylate for this H-bond was sterically
blocked by the out-of-plane orientation of the 2-vinyl group. The
smaller separation between the C-terminus and substrate upon
replacement of PH with DMDH, as evidenced in the stronger
His207—8CH;3 NOESY cross-peaks in Figure 7, is attributed to
the optimization, upon replacement of vinyls with methyls, of
the Asp27 carboxylate orientation as an acceptor for the His207
peptide NH. This change in structure is supported by significant
chemical shift changes for His207 (Table 2), while the anisotropy/
orientation of y (chemical shift for nonligated residues) is
conserved.

The conversion of the WT NmHO—PH—H,0 complex to the
AC1-NmHO—PH—H,0O complex results in selective chemical
shift changes for 1CH3, 8CH3, and 2-vinyl CgHs (Figure 4 and
Table 1), indicating that a perturbation occurs not only for the
pyrrole A—D junction but also at the 2-vinyl in contact with the
Asp27 side chain. Similarly, the loss of His207 results in selective
chemical shift changes for the 2-vinyl Hg and 1CH; in contact
with His207.

Structure of the C-Terminus Relevant to Cleavage. The
mechanism of cleavage is incompletely understood; the rate is
fastest in the aquo complex (20, 22), is strongly retarded by strong
field ligands, and is significantly modulated by porphyrin sub-
stituents [DMDH complexes cleave much faster than PH com-
plexes (20)]. Only a very weak pH effect is observed, and the rate
is unaffected by the presence of EDTA (to sequester adventitious
metal ions), protease inhibitors, or molecular oxygen (22).

The degradation of WT substrate complexes of NmHO pro-
duced only AC2-NmHO, with no detectable AC1-NmHO (20, 22).
This observation is equally consistent with two one-residue clea-
vages, with the second rate (for Arg208) much faster than the first
(for His209), or a single cleavage of the Arg208His209 dipeptide.
The presently observed strong retardation of further cleavage of
AC1-NmHO forms to yield AC2-NmHO establishes that the
His207—Arg208 peptide bond is cleaved in one step. Inspection
of the molecular model for the C-terminal interaction with the
active site in Figure 8 reveals the uncommon cis peptide linkage
for the His207—Arg208 bond. The trans linkage precluded
the interaction of the terminus of Arg208 with the substrate (20).
The cis peptide bond is intrinsically less stable (38) than the trans
bond, providing a rationalization for the cleavage of an intact
dipeptide.

The modulation of the rate of C-terminal cleavage (observed as
NmHO—DMDH-H,0 > NmHO—PH—H,0 > ACI-NmHO—-
PH—H,0) correlates directly with the deduced degree of separa-
tion between the C-terminus and the active site, as reflected in the
intensity of the His207—8CH; NOESY cross-peaks, suggesting
that the movement of His207 closer to the 8CH; puts additional
strain on the His207—Arg208 cis peptide bond. The fastest
cleavage rate for the physiologically relevant resting-state com-
plex (NmHO—PH—H,0) has a half-life of ~24 h (22), which is
much too long to have any true functional relevance, since
substrate binding is rapidly followed by catabolism of the heme
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in vivo. Therefore, the spontancous cleavage of the His207—
Arg208 peptide bond must be considered an artifact of the in
vitro handling of the protein.

Functional Implications for the C-Terminal Structure.
The 'H NMR-characterized interaction of the C-terminus with
the active site in NmHO substrate complexes has significance for
both the in vitro characterization of the enzyme on the basis of
which the functional properties are interpreted and the in vivo
process of product release. On one hand, the spontaneous
cleavage of the His207—Arg208 peptide bond with a half-life of
<24 h can result in detailed physicochemical characterization
of a “damaged” enzyme. We have already shown that the ligand
affinity is halved and product biliverdin release rate is doubled
(22) upon loss of the C-terminus. The failure to detect the three
C-terminal residues in the crystal structures (11, 12) of NmHO—
PH complexes may be due to a disordered structure of the
C-terminus in crystals, but it could as well have resulted from the
cleavage of the C-terminus during the processing and subsequent
crystallization of NmHO. The half-life for cleavage (~24 h) is
short compared to the time to generate crystals (~7 days). While
the pH and buffer concentration are similar for the solution
NMR and crystal studies, the effect of polyethylene glycol used
in the latter studies on the rate of cleavage is not known. It is
necessary to monitor the polypeptide by mass spectrometry
during any in vitro characterization of NmHO.

On the other hand, the structure of the C-terminus can be
expected to have implications for the function of NmHO. The
release of product by HOs is very slow and is strongly accelerated
upon formation of 1:1 complexes with BVR in mammalian HOs
(10). The product HemO iron(III)-biliverdin complex inhibits
heme oxygenase activity (/8). The need to protect N. meningitidis
from the toxic effects of hemin, together with the unacceptably
slow rate of turnover for purified HemO (2, 18), indicates the
existence of some, as yet unidentified, effector protein analogue
to the mammalian BVR that facilitates release of iron and/or
biliverdin. The docking of a BVR analogue with NmHO is also
likely to occur at the exposed edge of NmHO substrate com-
plexes, precisely the location of the C-terminal residues. The
demonstrated interaction of the C-terminus with the active
site (19, 20, 22), together with the observed change in axial ligand
affinity and product loss rate (22), allows for the reasonable
supposition of the involvement of the C-terminus in modulating
product release in HemO. The exact nature of the role in product
release will become clear only upon identification of the analogue
to BVR in pathogenic bacteria. A more detailed structure deter-
mination of the intact WT NmHO-—substrate complex will be
necessary, via crystallography or three-dimensional (3D) NMR
ona ""N-and "*C-labeled NmHO. To date, a prepared [ "N]JNmHO
exhibited extensive cleavage over the duration of the required 3D
experiment. A better understanding of the cleavage mechanism
will likely provide the necessarily stable complexes. Alternatively,
the AC1-NmHO substrate complex, which is considerably more
resistant to C-terminal cleavage, could serve as an ideal subject
for either crystallography or, upon "N and "*C labeling, 2D and
3D NMR studies.

CONCLUSIONS

Solution "H NMR spectra of paramagnetic NmHO substrate
complexes provide unique insight into the interaction of the
C-terminus with the active site, where structural changes upon
sequential C-terminal deletions can be monitored both by changes
in spatial contacts between the residues and the active site and by
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changes in the hyperfine shift patterns of the substrate. 2D NMR
data for WT and C-terminal deletion mutants of NmHO, together
with molecular modeling, indicate that the interactions of the
C-terminus with the active site consist of three salt bridges and
one H-bond. The cationic carboxylate of His209 forms salt bridges
to the termini of both Lys126 and Arg208, with the Arg208
terminus forming an additional salt bridge to the carboxylate of
the 7-propionate; the peptide NH group of His207 forms an
H-bond with the carboxylate of Asp27.

Deletion of the C-terminal His209 necessarily abolishes both
salt bridges to the His209 carboxylate, but the newly generated
Arg208 carboxylate is in a position to form a salt bridge with the
terminus of Lys126. The geometry of the C-terminus relative to
the active site is largely conserved upon deletion of His209, but
the loss of a key salt bridge yields a significantly “looser” inter-
action between the C-terminus and the active site. Subsequent
deletion of Arg208 necessarily abolishes the two remaining salt
bridges but leaves the His207—Asp27 H-bond as a potential
stabilizing interaction. The failure to detect interaction between
His207 and the active site is consistent with either a relatively
weak H-bond relative to the salt bridges or an H-bond that forms
only cooperatively with the two Arg208 salt bridges. The presence
of this H-bond in WT NmHO is supported by a strong influence
of substrate substituents on the C-terminal to substrate spacing.

The structure of the C-terminus shows that the His207—
Arg208 peptide bond is in the less stable cis rather than the more
stable and more conventional frans configuration. This likely
accounts for the spontaneous, selective loss of the Arg208—
His209 dipeptide bond for substrate complexes of NmHO. The
significant retardation of the rate of C-terminal cleavage upon
loss of His209 and the enhancement in this rate upon replacement
of substrate vinyls with methyls correlate with the deduced
“tightness” of the interaction of the C-terminus with the active
site, which may place additional strain on the His207—Arg208 cis
peptide bond. The very slow cleavage rates make the phenom-
enon physiologically irrelevant but can seriously limit the sig-
nificance of in vitro physicochemical studies if the integrity of the
His207—Arg209 bond is not verified by mass spectrometry. The
novel interaction of the C-terminus with the active site is impli-
cated in the mechanism for the controlled transfer of the toxic
biliverdin product to the analogue of the mammalian biliverdin
reductase that docks with HO at the exposed substrate edge.

SUPPORTING INFORMATION AVAILABLE

Three tables (chemical shifts for NmHO—DMDH-H,0,
NmHO—-DMDH-N; and NmHO-PH-N; complexes), and seven
figures ("H NMR spectra for NmHO—DMDH-H,0 and NmHO-
PH-N; complexes, TOCSY spectrum for NmHO—DMDH,
NOESY assignment of DMDH, NOESY spectra for the proxi-
mal helix, NOESY contacts to pyrroles B/C junction and sub-
strate methyl contacts for AC1-NmHO—DMDH-Nj3). This mate-
rial is available free of charge via the Internet at http://pubs.acs.org.
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